Depression is associated with disturbances to sleep and the 24-h sleepwake pattern (known as the rest-activity rhythm: RAR). However, there remains a need to identify the specific sleep/RAR correlates of depression symptom severity in population subgroups, such as strained dementia caregivers, who are at elevated risk for major depressive disorder. We assessed the cross-sectional associations of sleep/RARs with non-sleep depression symptom severity among 57 (mean age: 74 years, standard deviation: 7.4) strained dementia caregivers who were currently without clinical depression. We derived sleep measures from polysomnography and actigraphy, modelled RARs using a sigmoidally transformed cosine curve and measured non-sleep depression symptom severity using the Hamilton Depression Rating Scale (HRDS) with sleep items removed. The following sleep-wake measures were associated with greater depression symptom severity (absolute Spearman's correlations ranged from 0.23 to 0.32): more time awake after sleep onset (WASO), higher RAR middle level (mesor), relatively shorter active periods (alpha), earlier evening settling time (down-mesor) and less steep RARs (beta). In multivariable analysis, high WASO and low RAR beta were associated independently with depression symptom severity. Predicted non-sleep HDRS means (95% confidence intervals) in caregivers with and without these characteristics were: normal WASO/ beta = 3.7 (2.3-5.0), high WASO/normal beta = 5.5 (3.5-7.6), normal WASO/low beta = 6.3 (3.6-8.9) and high WASO/low beta = 8.1 (5.3-10.9). Thus, in our sample of strained caregivers, greater sleep fragmentation (WASO) and less sustained/sharply segregated resting and active periods (low RAR beta) correlate uniquely with depression symptom severity. Longitudinal studies are needed to establish whether these independent sleep-wake correlates of depression symptoms explain heightened depression risk in dementia caregivers.
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IN TROD UCTI ON
In adults, sleep-wake activity follows a diurnal pattern known as the rest-activity rhythm (RAR). Recent studies demonstrate that RAR disturbances are associated with both prevalent depression (Hori et al., 2016; Luik et al., 2015; Maglione et al., 2014; Robillard et al., 2014 Robillard et al., , 2015 and depression risk (Smagula et al., 2015a,b) . Because RARs are assessed objectively they are not subject to reporting bias, and they can also be monitored continuously without the effort of users providing self-reports. These findings suggest that certain RAR measures may help to detect depression development in at-risk groups before it occurs, or that specific aspects of the RAR could be targets for depression prevention. Given that subthreshold depression is a risk factor for future major depression (Cuijpers and Smit, 2004) , there is a need to establish the specific RAR characteristics that are related to subthreshold depression severity in population subgroups who are at elevated risk for major depressive disorder.
Informal (unpaid) providers of care for a person with a disability or impairment form such a group, where the risk for major depressive disorder is very high (Ballard et al., 1996; Cuijpers, 2005; Joling et al., 2012 Joling et al., , 2015 , especially when caregivers are already experiencing caregiving-related strain or distress (Beach et al., 2000; Blanco et al., 2014) . Several lines of evidence suggest that objectively measured RAR disturbances may mark depression symptom severity in dementia caregivers. Based on studies not restricted to caregivers, daytime physical activity and sleep (which are partial constituents of the RAR) have been recognized as risk factors for depression (Bridle et al., 2012; Cole and Dendukuri, 2003; Strawbridge et al., 2002; Zhai et al., 2015) . Indeed, as mentioned above, past studies have characterized relationships between RARs and depression in studies that were not specific to caregivers (Hori et al., 2016; Luik et al., 2015; Maglione et al., 2014; Robillard et al., 2014 Robillard et al., , 2015 Smagula et al., 2015a,b) . The relationship between RARs and depression may be particularly pronounced or nuanced in dementia caregivers, in whom past literature has documented both daytime activity restriction (Burton et al., 1997; Ho et al., 2014; Mausbach et al., 2008 Mausbach et al., , 2011 and night-time sleep disruption (Castro et al., 2009; King, 1999; McKibbin et al., 2005; Wilcox Rowe et al., 2008) .
However, there remains a need for evidence clarifying whether (and if so, which) objectively assessed RAR measures are associated with depression in caregivers. In this group, due to caregiving demands and activity restriction, specific RAR characteristics might explain variability in depression symptom severity that is unaccounted for by traditional measures of night-time sleep characteristics alone. Thus, there remains a need for evidence clarifying which specific objectively assessed RAR co-travel with depression symptoms in caregivers.
We therefore assessed whether sleep and RAR characteristics were associated with depression symptom severity among older caregivers experiencing strain delivering care to their live-in spouse. The caregivers in our study were all without major depression, but constituted an at-risk group as they all reported experiencing significant strain related to their caregiving. Identifying the objective sleep-wake correlates of depression severity in this group is particularly important, because having subclinical depression symptoms strongly potentiates the risk for major depression (Cuijpers and Smit, 2004; Joling et al., 2012) . Sleep-wake behaviours associated with subclinical depression severity could represent the behavioural underpinnings of increased risk for major depression in strained caregivers. We hypothesized that specific, objective RAR characteristics would mark depression severity in strained caregivers, independently of night-time sleep measures. We also explored whether caregiving characteristics were also associated with depression-relevant sleep/RAR characteristics, and whether these caregiving characteristics explained any of the sleep/ RAR-depression associations detected.
METH ODS Participants
Data were collected through the Aging Well, Sleeping Efficiently: Intervention Studies Program Project (P01 AG20677) between November 2003 and June 2008. Participants were live-in, spousal caregivers for a patient with Alzheimer's, Huntington's or other advanced forms of dementia. The current report pertains to a secondary, cross-sectional analysis of baseline data. The inclusion and exclusion criteria were chosen based on the primary aims of the intervention which focused specifically upon stress management and healthy sleep practices for caregivers. Inclusion criteria were: age 50 years or older; disrupted sleep [Pittsburgh Sleep Quality Index (Buysse et al., 1989 ) score of at least five]; and caregiver strain, i.e. responding 'yes' to 'it is a significant physical and emotional strain for me to care for my spouse'. Exclusion criteria were: sleep-disordered breathing; current psychiatric disorder (including mood, psychotic and substance use disorders); and scores of less than 24 on the Mini-Mental State Exam (Folstein et al., 1975) . Sixty subjects met inclusion/exclusion criteria and were enrolled. The current report pertains to caregivers who contributed useable actigraphy data at baseline (n = 57). All participants provided written informed consent, and the study was approved by the University of Pittsburgh Institutional Review Board.
Measures

Sleep-wake measures
Participants were asked to wear an Actiwatch 2 â (Philips Respironics, Bend, OR, USA) on their non-dominant wrist for 2 weeks. Sleep diaries were completed during this period and used to edit the actigraphy data to measure total sleep time (TST) and the number of minutes awake after sleep onset (WASO). Sleep latency, which requires distinguishing sleep reliably from waking electrophysiology, was measured using in-home polysomnography, as described in our previous report (Taylor et al., 2015) . RAR parameters were modelled from minute-to-minute actigraphy count data using a five-parameter extended sigmoidally transformed cosine model with an anti-logistic function. This model has been shown to fit human RAR data more effectively than a standard cosine curve (Marler et al., 2006) . The modelled parameters are illustrated in Fig. 1 , and include measures of RAR height (amplitude: peak-nadir difference; mesor: middle of the modelled rhythm), timing (upmesor: time when activity passes up through mesor, approximating the time the participant 'gets going' in the morning; ª 2017 European Sleep Research Society acrophase: time of modelled activity peak; and down-mesor: time when activity passes down through mesor, approximating the time of day the participant 'settles down' for the night) and shape (alpha: the relative width of the activity peak compared with rest periods, with higher values reflecting relatively more narrow periods of activity; and beta: the steepness of the curve, with higher values indicating more 'square-like' curves with more sharp transitions between rest and activity periods). The extended cosine model also provides a measure of how well the observed activity data are fitted by the 24-h rhythm model known as the pseudo-F statistic; lower values indicate poorer model fit and suggest an erratic or variable rhythm (an illustration of recordings with high and low pseudo-F values was published previously in Smagula et al. (2015a) .
Outcome measure
Depression symptoms were assessed with the 17-item Hamilton Rating Scale for Depression (HRSD) (Hamilton, 1960) . The outcome measure was the total HRSD score, excluding three items that assess sleep quality. This was in accordance with our goal of investigating the relationships between objective sleep-wake measures with mood and other non-sleep depression symptoms (rather than with subjective sleep complaints).
Covariates
We considered covariates that might confound the relationship between sleep-wake disturbances and depression symptoms: age, gender, body mass index (BMI) and physical function [measured with the Medical Outcomes Survey (Ware and Sherbourne, 1992 ) physical health subsection]. We also considered whether characteristics of caregiving were associated with depression-related sleep-wake variables and therefore might explain associations between these sleepwake variables and depression severity. To gain specific insight into the relevant caregiving characteristics, we examined individual items from the Caregiver Vigilance Scale (Mahoney et al., 2003) and the Revised Memory and Behavior Problems Checklist (Teri et al., 1992) . The items from these scales measure aspects of caregivers' perceived oversight demands and observable behavioural problems in care recipients, respectively, as shown in Supporting information, Table S2 .
Statistical analysis
We first inspected the distributions of the individual sleepwake variable and applied log transformations as needed. Next, we assessed associations between each sleep-wake variable and HRSD-assessed depression severity using Spearman's correlations. Bivariate correlations which achieved at least P ≤ 0.10 were considered in the multivariable analysis. Before entering the selected sleep-wake variables into the multivariable linear regression, we tested for non-linear associations by: (1) visually inspecting scatterplots and (2) comparing depression severity across quartiles of the selected sleep-wake variables using linear regression with pairwise comparisons. When non-linear effects were detected, we expressed the relevant variable categorized according to its distribution (in quartiles). Multivariable linear regression models were then used to assess the independence of the selected sleep-wake correlates of depression symptom severity. Age and sex were included in all regression models. Finally, we evaluated whether the independent associations between sleep-wake variables and Figure 1 . Illustration of the modelled rest-activity rhythm (RAR) parameters from 24 h of recording in one study participant. Time (x-axis) is set in minutes from midnight. RAR alpha (a) indicates the relative width of the active period, with higher values corresponding with more narrow active periods. RAR beta (b) indicates the steepness of the modelled rhythm, with higher values corresponding with more steep curves. Amplitude and mesor are height parameters, and up-mesor, acrophase and down-mesor are time parameters, as described in the text.
ª 2017 European Sleep Research Society depression severity identified were attenuated by adjustment for relevant physical health measures and caregiving characteristics (again defined as those associated with the sleepwake variables with a Spearman's correlation of P ≤ 0.10).
RESUL TS
Participants were 78% female with an average age of 74 years [standard deviation (SD): 7.4]. Table 1 shows other descriptive information. Correlations among the individual sleep/RAR measures are shown in Supporting information, Table S1 .
Individual sleep-wake measures and non-sleep depression severity
The following sleep-wake measures were associated with greater depression severity (see Supporting information, Table S2 ; absolute Spearman's correlations ranged from 0.23 to 0.32): more time awake after sleep onset (WASO), higher middle of the modelled RAR (mesor), more narrow active period (alpha), earlier evening settling time (downmesor) and less steep/less 'square-like' RAR (beta). See Supporting information, Fig. S1 for scatterplots of these associations.
We assessed whether there were significant non-linear associations by examining whether the mean level of depression symptoms was elevated in one or both of the extreme quartiles when compared with the others. We found a significant association between RAR beta quartile and level of depression symptoms: being in the lowest beta quartile was associated with elevated depression symptoms compared with the other quartiles, but none of the other quartiles (2/3/4) differed significantly from each other (P-values comparing quartile 1 versus 2, 3 and 4 respectively: P = 0.046, 0.03 and 0.08; all other pairwise P > 0.69). Supporting information, Fig. S2 shows mean depression symptom severity and 95% confidence intervals by RAR beta quartile. Caregivers in the lowest RAR beta quartile (those with the least 'square-like' curves) had higher levels of depression symptom severity compared with caregivers in the other three quartiles (mean non-sleep HRSD-assessed depression symptom in the lowest quartile = 7.1 (SD: 5.0) versus other quartiles combined = 4.2 (SD: 3.3), t-value = À2.55, df = 55, P = 0.01). RAR beta was categorized subsequently as the lowest quartile versus the rest for the subsequent multivariable linear regression analysis. No other variables appeared to exhibit non-linear effects.
Multivariable adjusted associations of sleep-wake measures with non-sleep depression severity
In the multivariable model including age, sex and the selected sleep-wake variables, the only sleep-wake variables that remained associated independently with depression severity were only: greater WASO (reflecting night-time sleep fragmentation; per SD (23.6 min): b = 1.30, standard error (SE): 0.61, t = 2.13, P = 0.04); and low RAR beta (those in the lowest quartile, reflecting the least steep RAR curves versus quartiles 2/3/4: b = 2.44, SE = 1.14, t = 2.15, P = 0.04). Similar results were obtained when dichotomizing WASO to represent a clinically significant disturbance (as at least 60 min awake after sleep onset), and we illustrate these findings by showing the predicted mean non-sleep HRSDassessed depression symptom levels and 95% confidence intervals by the presence/absence of high WASO and low RAR beta (Fig. 2) . We also show 72 h of activity data (of 2 weeks of used in the analysis) with modelled RARs in four participants representing the separate and combined presence of these night-time and RAR sleep-wake disturbances (Fig. 3) . Adjusting for the physical health covariates listed above did not alter these findings.
Several caregiving characteristics were associated with these sleep-wake variables (Supporting information, Table S2 ), and may represent confounders or mediators of relationships with depression symptom severity. Caregiving characteristics were associated significantly (at least P < 0.10) with the selected sleep-wake characteristics: (1) caregivers who could not leave their care recipient alone in an emergency had higher WASO (r = 0.29, P = 0.03), (2) a greater number of hours per day providing care was associated with greater WASO (r = 0.25, P = 0.06) and (3) more frequent memory related problems in the care recipient were related to higher WASO (r = 0.32, P = 0.03) and lower RAR beta (r = À0.27, P = 0.06). Adjusting for these variables attenuated the association of WASO and depression symptom severity by 15, 18 and 12%, respectively (Table 2) . The association of RAR beta and depression severity retained significance in models adjusting for vigilance demands, but was attenuated notably by 40% after adjusting for the frequency of memory-related behavioural disturbances.
DI SCUSSION
To our knowledge, this is the first report identifying RAR characteristics associated with depression symptom severity in strained caregivers, who are an important group known to be at elevated risk for developing depression (Ballard et al., 1996; Beach et al., 2000; Blanco et al., 2014; Cuijpers, 2005; Joling et al., 2012 Joling et al., , 2015 . We found that greater night-time sleep fragmentation and having the least steep/'square-like' RAR curves (those in the lowest quartile of RAR beta values) were, independently of each other, associated with having a greater burden of depression symptoms. As these sleep-wake behaviours were associated uniquely with subclinical depression severity in our sample, they may represent behavioural underpinnings of increased risk for major depression in strained caregivers who have subclinical depression symptoms. These findings are consistent with past studies, which have found that night-time sleep and daytime activity are both disrupted and central to health in caregivers (Burton et al., 1997; Castro et al., 2009; Ho et al., 2014; Mausbach et al., 2008 Mausbach et al., , 2011 McKibbin et al., 2005; Rowe et al., 2008; Wilcox and King, 1999) . Importantly, our study demonstrates that these behavioural markers of depression in caregivers, which occur across the entire 24-h sleep-wake cycle, can be measured objectively with actigraphy.
In bivariate analyses, we found that night-time sleep fragmentation and several RAR characteristics were associated with depression severity in strained caregivers (Supporting information, Table S2 ). Caregivers with a higher middle level of their modelled RAR (greater mesor), shorter active relative to resting periods (higher RAR alpha) and earlier settling times (earlier down-mesor) tended to have higher levels of depression symptom severity. We also observed several moderate to strong intercorrelations across these sleep-wake measures (see Supporting information, Table S1 ) and differences between our bivariate and multivariable findings. Excluding the association between low RAR beta and depression symptom severity, all RARdepression associations were attenuated in multivariable modelling. Attenuation was due to both intercorrelations between RAR factors and correlations between RAR factors with WASO.
This set of findings highlights the fact that, in seeking to identify the behavioural signature of depression in specific subgroups (e.g. those at high risk for depression), additional descriptive detail is revealed by examining RARs across 24-h periods, in addition to night-time sleep characteristics. We found conceptually plausible correlations of WASO with both RAR mesor (the middle height of the modeled rhythm) and RAR alpha (the relative width of the active versus rest periods). High night-time sleep fragmentation (WASO) raises both the modelled rhythm's nadir and middle (mesor) activity levels. Caregivers with relatively more narrow active periods (compared with their resting periods; high RAR alpha) may achieve an insufficient duration of daytime activity to accumulate the homeostatic sleep drive necessary for a subsequent sustained sleep period. Alternatively, it is possible that (due to intrinsic dysfunction or caregiving demands) sleep fragmentation temporally precedes and leads to a shorter active period, or that WASO and RAR alpha are related bidirectionally. Earlier evening settling times (down-mesor) also correlated with HRSD-assessed depression symptom severity, but this association was attenuated in the multivariable models; earlier evening settling times (down-mesor) correlated strongly with having relatively more narrow active periods (i.e. earlier down-mesor was related to higher alpha values; r = À0.64, P < 0.001; Supporting information, Table S1 ). Altogether, we observed that caregivers with greater levels of depression symptom severity had earlier evening settling times, which were associated with more narrow active periods which, in turn, were associated with greater WASO.
Conversely, independently of night-time WASO, caregivers with the least 'square-like' RARs (low beta values) tended to have higher depression symptom severity. This finding is consistent with one previous study which found that patients with depressive disorders tended to have lower RAR beta values compared with healthy control participants (Robillard et al., 2015) . Low RAR beta indicates less 'square-like' sleep-wake patterns. Caregivers with low RAR beta values appeared to have less prolonged periods of activity sustained at a constant level, characterized by more distinct activity peaks, and less sharp transitions between active and resting periods (see Fig. 3 ). This combination of less constant levels of activity within active and resting periods, with more gradual transition between resting and active periods, is suggestive of less distinct circadian or at least less 'square-like' periodicity to activity. RAR beta and WASO were not correlated (r = À0.13, P > 0.05; Supporting information, Table S1), Figure 2 . Predicted mean non-sleep depressive symptom levels (95% confidence intervals) in groups with and without high wake after sleep onset (WASO) and low rest-activity rhythm (RAR) beta.
ª 2017 European Sleep Research Society and when these characteristics co-occurred within caregivers, activity was clearly following a less robust or absent circadian rhythm (see Fig. 3d ).
Importantly for future research elucidating the pathways to depression in caregivers, we also performed analyses to explore whether these sleep-wake variables may be related to depression symptoms due to their associations with specific aspects of caregiving. We found that the association between being among those caregivers with the least 'square-like' RARs (lowest RAR beta values) was attenuated Figure 3 . Continuous activity data and modelled rest-activity rhythm (RAR) rhythms from four caregivers representing the separate and combined presence/absence of low RAR beta and high wake after sleep onset (WASO). Time (x-axis) is in minutes from midnight. (a) Normal WASO and normal RAR beta (WASO = 31 min; log RAR beta = 2.56); (b) high WASO with normal RAR beta (WASO = 100 min; log RAR beta = 2.65); (c) normal WASO with low RAR beta (WASO = 22 min; log RAR beta = 1.56); (d) high WASO with low RAR beta (WASO = 92 min; log RAR beta = 1.34). For visualization, only 72 h of recording are shown, although 2 weeks of recording was used in the analyses and to derive the average WASO and RAR beta values presented. Note that the bottom two profiles are on a different y-axis for visualization (amplitude was not related to depression severity). strongly by the frequency of memory related behavioural problems in the care recipient. This implies that the relationship between caregiver's RAR shape and depression may be driven by specific behavioural problems in care recipients, and that future research should investigate how specific behavioural problems in care recipients impact caregiver's 24-h sleep-wake cycles. We also found that the frequency of memory-related behavioural problems and greater caregiving demands each explained portions of the association between higher WASO and depression symptom severity. This suggests that the association between WASO and depression may be due partially to having more caregiving demands, and that future research is needed to determine the source of WASO caregivers. Limitations include that our study was cross-sectional in design and cannot establish temporality in the relationships observed. It is possible that, rather that acting as contributors in depression's risk architecture, these sleep-wake factors are behavioural manifestations or consequences of having depression symptoms. Prospective studies are needed to establish whether and/or which of the identified objective markers of depression severity do, in fact, increase depression risk over time. Our findings also suggest that prospective studies are needed to evaluate whether having a shorter active period (high RAR alpha) and earlier evening settling times increase depression risk by temporally preceding increased sleep fragmentation (WASO). Other limitations include that our sample consisted of older adults who were mainly white and female, and these findings may not necessarily generalize to other demographic subgroups. These demographic characteristics are similar to those of older caregivers in the United States (Wolff et al., 2016 ), but our sample was relatively small, and our findings must be replicated before being generalized. In addition, because our study excluded participations with current major depression, there remains a need to reinvestigate these relationships in caregivers across the full spectrum of mood disturbances.
Although in need of replication, our findings in caregivers are consistent with recent clinical and general population research that suggests RAR characteristics may aid in the objective assessment of depression or depression risk (Hori et al., 2016; Moraes et al., 2013) , and that RAR disturbances may represent important markers or targets that can help guide primary and secondary depression interventions approaches (McCall, 2015; Novak et al., 2014; Raoux et al., 1994; Smagula et al., 2015a,b) . Because of their apparent health relevance, there may be a need to develop clinically useful technologies to monitor RARs. Our findings suggest that future longitudinal and intervention efforts are needed to investigate whether having more extended active periods, specifically by maintaining activity later into the evening, would prevent depression in caregivers. In addition, our findings imply that nature of transitions between resting and active periods, and maintenance of activity levels during the day, may be associated with depression risk and need to be addressed to prevent caregiver depression.
While currently unknown, there are many plausible mechanisms by which low RAR beta and high WASO could be related to depression risk (including effects of these behaviours on stress hormones, immunological function or brain structure and function). Future research is needed to characterize comprehensively the psychosocial meaning and physiological implications of having high WASO, low RAR beta and the other objective behavioural markers of depression symptoms that we identified in strained caregivers. Understanding how the psychosocial qualities of caregiving, sleep/RAR behaviours and the biology of depression inter-relate over time will shed light on the causal pathways which confer increased depression risk in this population, thereby helping to identify optimal targets for preventive interventions.
SU PPORTI NG I NFOR MA TION
Additional Supporting Information may be found online in the supporting information tab for this article: Table S1 . Spearman correlations between sleep-wake variables. Table S2 . Correlation coefficients between sleep-wake measures and non-sleep depression severity. Table S3 . Spearman correlations between caregiving characteristics and selected sleep-wake variables. Figure S1 . Scatter plots depicting the significant bivariate associations identified between sleep-wake characteristics and non-sleep depression severity (measured with the HRSD, minus sleep items). Figure S2 . Predicted mean non-sleep depressive symptom levels (95% confidence intervals) by quartile of RAR beta.
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